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Abstract In this paper the elastic constants of graphite at elevated temperature
were experimentally investigated by using the virtual ﬁelds method (VFM). A
new method was presented for the characterization of mechanical properties at
elevated temperature. The three-point bending tests were performed on graphite
materials by an universal testing machine equipped with heating furnace. Based
on the heterogeneous deformation ﬁelds measured by the digital image correla-
tion (DIC) technique, the elastic constants were then extracted by using VFM.
The measurement results of the elastic constants at 500◦C were obtained. The ef-
fect on the experimental results was also analyzed. The successful results verify
the feasibility of using the proposed method to measure the properties of graphite
at high temperature, and the proposed method is believed to have a good potential
for further applications.
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There is strong demand on appropriate materials and structures with excellent performance in
extreme conditions in various applications. In hypersonic ﬂights, the high-strength, light-weight,
and high temperature resistance materials are of great importance for the aircrafts. The knowl-
edge of the mechanical properties of materials at elevated temperature is essential for the design
of aircrafts and the evaluation of its service behavior. In addition, the requirement on feasible ex-
perimental techniques in extreme hostile environment, such as in both high temperature and high
speed conditions, is growing with the development of the aerospace and aeronautics engineering.
However, from available literatures, we have found that measurement techniques for high tem-
perature properties are in shortage. It is very difﬁcult for the strain gauge method, a very popular
method for strain measurement at room temperature, to accurately measure the deformation at
elevated temperature.1 As an alternative choice, optical techniques can measure full kinematical
ﬁelds on the whole surface.2 Due to the advantage of non-contact measurement, it is convenient
to measure the deformation ﬁelds at elevated temperature by the relative techniques. Post and
Wood3 measured the thermal strain ﬁelds by the Moire´ interferometry technique; Anwander et
al.4 measured the deformation of high temperature object by the electronic speckle pattern inter-
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ferometry (ESPI) technique. The non-interferometry digital image correlation (DIC) technique
has been widely used recently due to the simplicity in various experimental conditions.5 By the
optical ﬁlter of black-body radiation of high-temperature objects, the full deformation ﬁelds was
measured by DIC at evaluated temperature up to 1 200◦C.6
From the deformation ﬁelds measured by optical techniques, the mechanical behavior of the
tested materials could be studied. In available literatures, the elastic constants are usually ex-
tracted with local strain values and loads by simple mechanical tests. An improved inverse method
combining experimental and numerical updating procedure has been developed to extract the con-
stitutive parameters of materials. From the heterogeneous ﬁelds measured by DIC technique, all
the elastic parameters of orthotropic materials were extracted by one test.7 In this method, the
limit conditions and the initial values of studied parameters in numerical model are very strict.
And the involved iterative procedure is quite complicated. As an alternative, an inverse method
called virtual ﬁelds method (VFM) which can extract the constitutive parameters of materials,
was proposed and applied to solve various problems.8,9 Compared to the updating technique, this
method needs neither the initial values nor the severe limit conditions.
As we have known that graphite has many excellent physical and chemical properties, such as
high electrical and thermal conductivity, and high resistance to acid, ablation and radiation.10,11
Due to its excellent performances, the natural and synthetic products of graphite have been used
in many special domains, such as moderator or reﬂector in the nuclear reactors, hermetic parts in
aerospace ﬂight structures. The increase of both Young’s modulus and strength of graphite with
temperature within 2 500◦C were found.12
In this paper an alternative solution for the identiﬁcation of elastic constants (Young’s modulus
and Poisson’s ratio) of graphite at elevated temperature was presented. The full-ﬁeld measurement
technique coupled with VFM was used for this purpose. Based on the heterogeneous deformation
ﬁeld measured by DIC, the elastic constants were extracted by using VFM. The initial investiga-
tion was performed at 500◦C. The study at higher temperature will be performed in our further
work.
The graphite material in this study is a synthetic one, which is used in the nuclear reactor as
structural component. Here, this material is considered as isotropic and elastic. A high temper-
ature three-point bending test is designed for measuring the elastic constants of graphite using
VFM.
The experimental setup is illustrated in Fig. 1. The graphite specimen is mounted on the
three-point bending ﬁxture connected with an universal testing machine. The three-point bending
ﬁxture is made of two parts: one-point loading part and two-point support part. And each part
is connected with a stainless steel bar. The specimen is placed in an electric heating furnace, of
which the maximum working temperature is over 1 000◦C. The surface of the specimen can be
observed from the crossing window of the furnace. A CCD camera type AVT Oscar F-810 is used
for image acquisition, which can provide high resolution images (full resolution 3 272×2 469
pixels). A ﬁber optical light source is also used and it is suitable for the actual test case. The
load is applied on the specimen with the movement of the transverse beam of testing machine.
To avoid the inﬂuence of temperature on the force cell, a water cooling device is installed on the
upper bar.
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Fig. 1. (a) Schematic and (b) photo of the experimental setup.
The dimensions of the graphite specimen are 8 mm×16 mm×70 mm. The distance between
the two support points is 55 mm. The speckle pattern was prepared with a chrome-effect spray
paint on the surface. Before the test the specimens were kept in the heating furnace for an hour at
500◦C. The captured image of speckle pattern is shown in Fig. 2, and the result veriﬁes that the
speckles fabricated by this technique have temperature resistance up to 500◦C. The quality of the
speckle pattern can be utilized for DIC calculation.
During the test, the speed of the transverse beam of testing machine is 0.2 mm/min, and the
images are captured every 2.5 s. The curve of load versus displacement of transverse beam is
presented in Fig. 3. There are two stages in the curve: a plateau stage and a linear stage. In the
plateau stage, the load increases only from about 13 N to 35 N with a displacement of 0.25 mm
of the transverse beam. The load keeps at a quite constant value due to the gap among the ﬁxture
parts and the specimen, as shown in Fig. 1. In the linear stage, the load is linearly increased
with the displacement of transverse beam until brittle failure of the specimen. In order to identify
the elastic constants, the images captured during the linear stage are analyzed and the ﬁelds are
calculated by DIC technique.
Fig. 2. The captured image of three-point bending
specimen with speckle pattern.
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Fig. 3. The curve of load versus displacement of
transverse beam of testing machine (at tempera-
ture 500◦C).
The displacement ﬁelds are calculated by using the DIC software VIC-2D (from Correlated
Solutions, Inc., USA). The correlation windows are 49×49 pixels and the step is 10 pixels. The
real physical size corresponding to one pixel is about 17.6 mm. Figure 4 shows the raw displace-
ment ﬁelds for the load of 575.5 N.
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From the result, it can be found that the distribution of displacement ﬁelds is not strictly sym-
metric. From the v ﬁeld, the displacements on two support points are different. It is mainly due
to the rotation of the three-point bending ﬁxture mounted on the testing machine. Because of the
dimension of the heating furnace, the two-point support part and the loading part of the ﬁxture
are respectively connected with two long bars. For each bar, the other end is connected with the
machine. The two bars are typical cantilever beams, and they are rotated under the compressive
load. During the experiment, the specimen may also be rotated with the support bar. The rigid-
body rotation of specimen will not introduce real strain. However in full-ﬁeld measurement by
DIC, the strain ﬁelds are differentiated from the displacement ﬁelds. The normal strain ﬁelds (εxx
and εyy) will be affected.13,14 In this actual study, the specimen rotation is considered weak and
its effect on the strain ﬁelds is ignored. In addition, to avoid local strain concentration (upper
middle region of specimen) near the loading point, the region on the left half part of specimen
are analyzed to extract the elastic constants of material. This region is illustrated by a white dash
rectangle in Fig. 4.
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Fig. 4. Displacement ﬁelds on the whole surface of specimen at 500◦C (for the load of 575.5 N).
The VFM is based on the principle of virtual work. Generally, the virtual work by the interne
forces, external forces and inertia forces can be written as
−
∫
V
σ : ε ∗ dV +
∫
∂V
T : u∗ dS+
∫
V
f ·u∗ dV =
∫
V
ρa ·u∗ dV, (1)
where V is the volume of the studied part of specimen, ∂V is the solid boundary where the ex-
ternal force are applied, σ is the stress tensor, u∗ is the virtual displacement vector, ε ∗ is the
corresponding virtual strain tensor, T is the external force vector applied on the solid boundary, f
is the volume force, ρ is the mass density, and a is the acceleration vector. In the actual static test
case, the gravity is ignored, and no volume force and inertial force are applied on the specimen.
The stress plane is assumed to locate along the thickness direction. By the linear elastic behavior
of isotropic materials, the relation between stress vector and strain vector can be expressed as
⎛
⎜⎜⎝
σxx
σyy
σss
⎞
⎟⎟⎠=
⎛
⎜⎜⎝
Qxx Qxy 0
Qxy Qxx 0
0 0 (Qxx−Qxy)/2
⎞
⎟⎟⎠
⎛
⎜⎜⎝
εxx
εyy
γxy
⎞
⎟⎟⎠ . (2)
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From Eqs. (1) and (2), one can get
Qxx
∫
S
(
εxxε∗xx+ εyyε∗yy+
1
2
γxyγ∗xy
)
dS+Qxy
∫
S
(
εxxε∗yy+ εyyε∗xx−
1
2
γxyγ∗xy
)
dS =
Fd∗
2t
, (3)
where left side of Eq. (3) presents the virtual work of internal forces, and the right side presents
the virtual work of external force. F is the load applied by the testing machine, S is the area of the
selected region, and t is the thickness of specimen. The two integrals present the integration of
the products of measured strain vector and the chosen virtual strain vector. d∗ is a constant, which
presents the virtual displacement in the y direction of all points at right side of the selected region.
The virtual displacement in the y direction at left side is frozen. A similar study on graphite at
normal temperature by using three-point bending test and VFM was presented in Ref. 15, where
the limit condition for the choice of virtual ﬁelds was described in detail. Qxx and Qxy are two
parameters governing the two elastic constants: Young’s modulus E and Poisson’s ratio ν . The
relationships are expressed as
Qxx = E/(1−ν2), Qxy = νE/(1−ν2). (4)
In Eq. (3), the stain components εxx, εyy, and γxy are provided from the full ﬁeld measured by
DIC. The measured strain ﬁelds are numerical 2D matrix of m× n points, and the virtual ones
have the same dimension. So Eq. (3) can be expressed as
Qxx
1
mn
m
∑
i=1
n
∑
j=1
(
εxxε∗xx+ εyyε∗yy+
1
2
γxyγ∗xy
)
+Qxy
1
mn
m
∑
i=1
n
∑
j=1
(
εxxε∗yy+ εyyε∗xx−
1
2
γxyγ∗xy
)
=
Fd∗/(2tS). (5)
The two integrals are determined if proper virtual ﬁelds are chosen. By choosing two groups
virtual ﬁelds, a 2× 2 linear system will be produced. By inversing the linear system, the two
parameters will be extracted. And the Young’s modulus and Poisson’s ratio will be obtained from
Eq. (4). The virtual ﬁelds were chosen by a “manual” technique mentioned in Ref. 15. While
in the actual test, the strain ﬁelds are signiﬁcantly affected due to the rotation of the support bar.
Instead of the “manually” chosen virtual ﬁelds, the optimized virtual ﬁelds which can minimize
the inﬂuence of measured ﬁelds’ error on the identiﬁcation of material parameters should be used.
The principle and procedure about how to choose the optimized virtual ﬁeld were presented in
Ref. 16. In actual applications, the treatment on the measured ﬁelds and the elastic constants
identiﬁcation can be carried out by using the so-called Camﬁt software.9
Camﬁt is a MATLAB GUI program, which can process the displacement ﬁelds of multiple
load steps using VFM. Based on the generated 3-node triangular ﬁnite element (bilinear triangu-
lar element type) mesh map, the displacement ﬁelds are smoothed and the strain ﬁelds are then
determined. And the optimized piecewise virtual ﬁelds of the same mesh map are used to extract
the material parameters. Several testing cases and several mechanical behaviors are packaged in
this software. The detail procedure and demonstration are presented in the book about VFM.12 In
this study, the ﬁelds of 10 load steps are used to extract the linear isotropic elastic constants. If
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the studied area is chosen, the mesh size is the only parameter in Camﬁt software.
The displacement ﬁelds indicated by the white dash rectangle in Fig. 4 are shown in Fig. 5.
The dimension of the selected displacement ﬁeld is 87×135 points. The triangular mesh is gener-
ated in Camﬁt software by mesh size of 10 points. Based on the same mesh map, the strain ﬁelds
(where the shear strain γxy = 2εxy) are then calculated and shown in Fig. 6. It is obvious that the
distribution of strain ﬁelds is strongly dependent on the mesh map. In Eq. (5), the local random
errors of the strain ﬁelds will be averaged and its effect on the identiﬁcation will be minimized by
the optimal virtual ﬁelds chosen in the Camﬁt software.
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Fig. 5. Raw displacement ﬁelds of the selected area with mesh map (for the load of 575.5 N).
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Fig. 6. Reconstructed strain ﬁelds (corresponding to the displacement ﬁelds and mesh in Fig. 5).
The identiﬁed results of Young’s modulus and Poisson’s ratio are presented in Table 1 by
using different mesh sizes. The reference mean values at room temperature of the same material
were reported in Ref. 15.
From the identiﬁed results, the coefﬁcients of variation of the two parameters are quite strong.
The Poisson’s ratio is found more sensitive to the mesh size than the Young’s modulus. The
identiﬁed Young’s modulus value at 500◦C by the proposed method is lower than that at room
temperature. However, on the contrary, the value of Young’s modulus of the tested graphite
material in Ref. 11 was reported higher at elevated temperature. It should be emphasized that
the experimental setup at 500◦C is not the same as that at room temperature. It is probable that
the systematic error is mainly caused by the experimental setup. For the tests performed at room
temperature in Ref. 15, a standard three-point bending ﬁxture was used. The rigid-body rotation of
specimen did not take place. In this test at 500◦C, the specimen is rotated with the rotation of the
support bar. The additional “pseudo” strain is introduced from the differentiation of the measured
displacement ﬁelds, which will affect the real strain ﬁelds. In Camﬁt software, the procedure on
the choice of optimized virtual ﬁelds can minimize the random noise of the strain ﬁelds,16 where
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Table 1. Identiﬁed results of Young’s modulus and Poisson’s ratio at 500◦C by using the Camﬁt software.
Room
temp.15 500
◦C Mean Coef. of
Var.
Mesh size/point — 8 10 12 14 16 18 — —
Young’s modulus
10.5 9.43 10.70 9.58 9.53 8.94 9.48 9.61 6.20%E/GPa
Poisson’s ratio ν 0.345 0.336 0.373 0.371 0.284 0.300 0.311 0.329 11.3%
the systematic errors introduced in the actual case have not been taken into account. If the rigid
body rotation of the specimen can be avoided by improving the experimental device, the bias on
the identiﬁed results from the systematic error will be removed.
In this study, a new method has been proposed for material parameters characterization in
extreme conditions. The elastic constants of graphite at elevated temperature are investigated by
using VFM. The successful results show the feasibility of using the proposed method to measure
the elastic properties of graphite at elevated temperature.
In our further study, the experiments will be performed at higher temperature in the range
of 1 000◦C. Some technical issues such as the temperature resistance of speckle pattern and the
black-body radiation from the tested object at very high temperature should be taken into account.
The mechanical behavior of high temperature composites will be identiﬁed.
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